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Abstract: Although unique potentials of terahertz wave for chemical identification, material 
characterization, biological sensing, and medical imaging have been recognized for quite a while, 
the relatively poor performance, higher costs, and bulky nature of current terahertz systems 
continue to impede their deployment in field settings. In this talk, I will describe some of our recent 
results on developing fundamentally new terahertz electronic/optoelectronic components and 
imaging/spectrometry architectures to mitigate performance limitations of existing terahertz 
systems. In specific, I will introduce new designs of high-performance photoconductive terahertz 
sources that utilize plasmonic antennas to offer terahertz radiation at record-high power levels of 
several milliwatts — demonstrating more than three orders of magnitude increase compared to the 
state of the art. I will describe that the unique capabilities of these plasmonic antennas can be 
further extended to develop terahertz detectors and heterodyne spectrometers with single-photon 
detection sensitivities over a broad terahertz bandwidth at room temperatures, which has not been 
possible through existing technologies. To achieve this significant performance improvement, 
plasmonic antennas and device architectures are optimized for operation at telecommunication 
wavelengths, where very high power, narrow linewidth, wavelength tunable, compact and cost- 
effective optical sources are commercially available. Therefore, our results pave the way to 
compact and low-cost terahertz sources, detectors, and spectrometers that could offer numerous 
opportunities for e.g., medical imaging and diagnostics, atmospheric sensing, pharmaceutical 
quality control, and security screening systems. 
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Unique specifications of terahertz waves 


= Rotational & vibrational frequencies of most molecules lie in terahertz region 
= Terahertz waves can see through opaque materials with spectral fingerprints 
= Several absorption lines for water lie in terahertz range 

= Terahertz radiation is non-ionizing & non-destructive 


Applications of terahertz waves 


= Chemical sensing, material characterization, security screening, medical 
imaging and diagnostics, atmospheric and space studies 
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Physical limitations of existing terahertz sources 
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Physical limitations of existing terahertz sources 


Survey on the output power of various terahertz sources 


10" МРАТТ 


Output power (mW) 


0.1 


0.01 





0.001 ~ = 
0.01 0.1 1 10 100 1,000 


Frequency (THz) 


M. Tonouchi, Nature Photonics 1 (2007) 
Terahertz Electronics Laboratory 





Conventional photoconductive terahertz sources 
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Limitations of conventional schemes 


Extremely low quantum efficiencies due to long 
carrier transport path to bias electrodes 
Contact electrode spacing is limited by 
capacitive loading and diffraction limit 
Maximum output power limitation due to the 
carrier screening effect and thermal breakdown 
within small device active areas 


Photoconductor cross section where optical pump is incident 
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Plasmonic photoconductive terahertz sources 
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Contact electrode spacing is limited by 
capacitive loading and diffraction limit 
Maximum output power limitation due to the 
carrier screening effect and thermal breakdown 
within small device active areas 
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dvantages of plasmonic contact electrodes 


Ultrafast response is achieved by reducing 
photo-carrier transport path to contact 
electrodes. 

High output power levels can be achieved by 
using large nano-aperture active areas without 
increasing the capacitive loading to the 


terahertz antenna 
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Design of plasmonic contact electrode gratings 
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the slit height (I! >> ^), and the rest of 
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Slab waveguide formed by the 
subwavelength metallic slits 
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Quantum efficiency enhancement by using plasmonic electrodes 


= No shadowing by the contact electrodes 
= A Photocarrier concentration enhancement near the contact electrode 
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Terahertz detection sensitivity enhancement by utilizing 
plasmonic contact electrodes 
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Demonstration of terahertz detection responsivity 
enhancement 


- Plasmonic detector 
| —- Conventional detector ( x1 ) [: 


== Plasmonic detector 
== Conventional detector ( x5 ) 


) 


Output photocurrent (a.u 
Output photocurrent (a.u.) 





45 10 5 0 5 10 15 02 04 06 08 10 12 14 
Тіте (р5) Frequency (THz) 





Berry et al., Nature Communications 4 (2013) 
12 Terahertz Electronics Laboratory 





Noise analysis of plasmonic and conventional 
photoconductive terahertz detectors 
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frequency components of the measured time- 
domain output photocurrents, subsequently. 
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Large area plasmonic photoconductive emitters 
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oecond generation plasmonic source 


" Ahigh-aspect ratio plasmonic grating is employed to allow efficient optical pump 
transmission into the nanoscale photoconductor active regions, localizing the 
majority of the photocarriers in close proximity to the contact electrodes. 


= A logarithmic spiral antenna is employed as the terahertz radiating element to 
offer broadband radiation properties required for pulsed terahertz generation 


Optical pump 


Photoconductor cross section where optical pump is incident 





er-hemispherical 2 
Silicon lens 


Terahertz radiation 


¢ ) Q JI н 14— > 
Ісас О-О ¥ O V 
15 Terahertz Electronics Laboratory We 








oecond generation plasmonic source 


Optical pump 


| 








Н Е ритр 
ритр T. 


pump 





SiO 


sonm Z8 SN jm 


200nm 100nm 





Photoconductive source 
with 2D plasmonic 
contact electrodes 


Optical absorption (a.u.) 


j—— —— —— —— — 600 nm 


Terahertz radiation LT-GaAs 


Optical pump 


| 








Photoconductive source 


Optical absorption (a.u.) 
© 
Un 


| E with 3D plasmonic pa | 
Hyper-hemispherical . contact electrodes E: |. ша ff 
- Silicon lens 100nm 230nm  160nm 


LT-GaAs 


Terahertz radiation 


uantum efficiency enhancement by using 3D plasmonic electrodes 








"  Photocarriers generated away from the surface of the substrate do not efficiently 
contribute to terahertz generation when using 2D plasmonic contacts 
"  Photocarriers generated deep in the substrate can efficiently contribute to 


terahertz generation when using 3D plasmonic contacts 
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Design of 3D plasmonic gratings 
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Design of 3D plasmonic gratings 
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Fabrication of 3D plasmonic gratings 


Step 1: 





Depositing a 200nm thick SiO; 
film on top of GaAs substrate 


Step 4: 





Sputtering Ti/Au (20À/ 200À) 
on the SiO./GaAs grating to 
form ohmic contact 


[£555 GaAs 
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Step 2: Step 3: 





Electron beam lithography, Ni 
(80nm) deposition and liftoff to 
pattern a hard mask grating layer. 


Etching 200nm-hight SiO, grating 
followed by etching (ICP-RIE) 400nm 
high-aspect ratio GaAs grating 


Step 5: Step 6: 





Depositing anti-reflection coating (2000A) 
to reduce Fresnel reflection loss. 


Wet Etching SiO, grating and liftoff 
Au above the SiO./GaAs grating 
interface. 


[1 SiO; = Ni [5 Ti/Au 
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Characterization of 3D plasmonic gratings 


== Theoretical results 
WB Experimental results 
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= 70% optical pump transmission through the high-aspect ratio plasmonic gratings at 800 nm 
" Strong dependence of the optical pump transmission on the grating height 
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First generation plasmonic photomixers 


Berry et al., Appl. Phys. Lett. 105 (2014) 
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Tradeoff between radiation power and linewidth 


Berry et al., Appl. Phys. Lett. 105 (2014) 
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Pushing toward higher radiation powers 


Employing a 2D array of terahertz emitters 


= Further reduction of the carrier screening effect 


and thermal breakdown 
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Pushing toward fully integrated terahertz systems 
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Pushing toward fully integrated terahertz systems 
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Application of plasmonic terahertz emitters for 
communication 


= The required data rate is projected to 
be 100 Gbit/s by 2020. 


Data Transmission 
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Heterodyne terahertz spectrometry using 
plasmonic photoconductors 


= Heterodyne terahertz detectors with optical pump eliminate the need for terahertz 
local oscillators and, therefore, offer significantly high spectrometry bandwidths. 


= Combination of plasmonic photomixers with widely tunable optical sources with 
high spectral purity and narrow linewidths offer broadband terahertz spectrometry 
with high spectral resolution and unprecedented sensitivity levels. 


Photoconductor cross section where optical pump is incident 
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Heterodyne terahertz spectrometry using 
plasmonic photoconductors 








—— df, 795.5 GHz 
—— dí, ,=95.7 GHz 
— — dí, 795.9 GHz 
— df, ,=96 GHz 
a АН * 300K DSB noise 
— c o OE temperature 
—Ó9 € (0 100 GHz 
—— dí, 797.1 GHz 
---- 97.4 GHz 

dí, 797.7 GHz 


| | | | —— df, ,=98 GHz 
-1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 — — di, ,=98.5 GHz 


IF frequency (GHz) 
Terahertz Electronics Laboratory We 


IF intensity (dBm) 











30 


Summary 


= Demonstration of efficiency and output power enhancement 
оу using plasmonic photoconductive terahertz sources 


= Demonstration of detection sensitivity and bandwidth 
enhancement by using plasmonic photoconductive terahertz 
detectors and spectrometers 


= Demonstration of multi-spectral metallic gratings enabling 
optical-pump terahertz-probe measurements at nan-scale 


= [he significant performance enhancements offered by 
plasmonic terahertz optoelectronics have a transformational 
impact on future terahertz imaging and sensing systems. 
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